The new data on k t distributions obtained at RHIC are analysed by means of selected models of statistical and stochastic origin in order to estimate their importance in providing new information on hadronization process, in particular on the value of the temperature at freeze-out to hadronic phase.
Introduction
Very recently high k t distributions at RHIC have been reported in Refs. [1, 2, 3] . These data are of potentially high interest as a possible source of information on the temperatures at the freeze-out in heavy-ion collisions. There is, however, at present a significant controversy concerning this point, therefore we would like to investigate in this paper usefulness of some selected phenomenological tools, which could be used for this purpose. They will include: (i) the classical statistical model developed long time ago by Hagedorn [4] , (ii) the modified statistical model inspired by Tsallis statistics [5] , which generalizes the usual Boltzmann-Gibbs statistics to nonextensive systems, and (iii) a suitable adaptation of the recently proposed model derived from the Fokker-Planck equation for the Ornstein-Uhlenbeck (O-U) process [6, 7] , this time used in transverse rapidity space, i.e., for y t = 1 2 ln[(m t + k t )/(m t − k t )] (where m t = m 2 + k t 2 ).
Analysis of k t distributions by Hagedorn model
The most successful statistical model (the one which very long time ago predicted existence of the limited temperature beyond which hadronic phase cannot exist, this temperature much later occured to be the phase transition temperature separating hadronic phase from the quark-gluon plasma phase) is model constructed by Hagedorn using the bootstrap idea [4] . It states that one works with ideal gas of resonances, which are in turn assumed to be made by resonances, and so on, until cutoff provided by the mass of produced secondaries is reached; one is then looking for solution of the corresponding bootstrap equation. The transverse momentum distribution of produced secondaries it leads to is expressed as (T 0 is parameter identified with temperature)
In our analysis we have assumed, for simplicity, that ρ(m) = 1 (it will not affect the results pre- Because data provide by other collaborations (STAR [2] and PHENIX [3] ) lead to identical conclusions we shall not show them here. Although one can argue that for such large values of k t statistical approach must give way to some more detailed dynamical calculations, there are examples that suitable modifications of statistical approach can lead to quite reasonable results in leptonic, hadronic and nuclear collisions (when analysed by means of some non-extensive generalizations of statistical model [8, 9, 10] ) and, similarly, that some specific realization of stochastic approach can be equally reasonable when applied to nuclear collisions [6, 7, 11] . In what follows we shall therefore apply these two methods to nuclear data of Refs. [1, 2, 3] .
3 Analysis of k t distributions by generalized statistical model based on Tsallis statistics
We shall start with the so called non-extensive generalization of statistical model based on Tsallis statistics [5] . Some introductory remarks are in order here. In many fields in physics, which use statistical and stochastic approaches as their tools, it was recognized since some time already that the usual Boltzmann-Gibbs approach encounters serious problems when applied to systems possessing memory effects, long-range correlations or which phase space has some (multi) fractal structure [5] . Such systems are all, in a sense, small, by what we means that the effective range of correlations they experience is of the order of dimension of the system itself. Therefore they will not show property of extensivity leading to Boltzmann-Gibbs form of entropy, which is the basis of any statistical or stochastical model. The proposed way out was to use the non-extensive form of entropy, one example of which, the so called Tsallis entropy, is the most used in such situations nowdays [5] . It turns out that such situations are encountered also in domain of multiparticle production processes at high energy collisions (cf., [9] , to which we refer for all details) 1 . Two different formulations leading to slightly different formulas will be investigated here (in both cases T 0 denotes temperature and q non-extensivity parameter):
(a) In first approach one uses the so-called escort probability distributions [16] ,
, used already in analysis of k t distributions in e + e − annihilations [8] and in pp collisions [10] and resulting in
(b) In second approach one uses normal definition of probabilities, what results in the slightly different expression,
However, this approach offers novel (additional to whar was mentioned above) interpretation of the non-extensivity parameter q. As shown in [12, 14] this parameter is given by normalized variance of some intrinsic fluctuations present in the hadronizing system:
This conjecture originates from the observation that:
where f (β) has describes fluctuation of parameter β and has form of Gamma distribution [12, 14] (in our case
We have analyzed BRAHMS [1] , STAR [2] and PHENIX [3] data and our results are shown in Fig. 2 and in Table 1 . It turnes out that both formulations provide essentially identical curves, therefore here we are showing only results obtained using Eq. (2). The valuse of parameters are also very close to each other with tendency of C, T 0 and q estimated by means of Eq. (3) being slightly bigger then those obtained by using Eq. (2). Such comparison of these two approaches has been made for the first time here and, as one can see from the presented results, it confirms previous expectation (made in [9] ) that in case of only limited phenomenological applications, as 1 Actually, there already exists a number of detailed analysis using a non-extensive approach ranging from kt distributions in e + e − annihilations [8] and in p +p collisions [10] to rapidity distributions in some selected reactions [9] . In [8, 10] a kind of non-extensive q-version of Hagedorn approach has been used whereas [9] were exploring information theoretical approach to statistical models including as option also its non-extensive version. It should be mentioned at this point that proper formulation of Hagedorn model using Tsallis q-statistics has been proposed in [13] . We shall not pursue this problem here.
2 It must be mentioned at this point that this suggestion, which in [12] has been derived only for q > 1 case, has been shown to be valid also for q < 1 case [14] and extended to general form of fluctuations leading then to the new concept of superstatistics proposed in [15] . The most recent discussion of physical meaning of q parameter when applied to multiparticle production processes (and in this context also of the possible origin of statistical formulas as well) with relevant references can be found in [9] . The results obtained from using Eq. (3) instead look essentially the same, therefore they are not shown separately. For differences in values of obtained parameters see Table 1 . 
δT 0 =0.016-0.017, δq =0.007-0.009, is the case of our work, the results from using Eq. (2) (i.e., parameters: C (2) = c, T
(2) 0 = l and q (2) = q) are simply connected to those using Eq. (3) (i.e., to parameters: C (3) = C, T (3) 0 = L and q (3) = Q), namely:
The tendency provided be Eq. (6) is fully recovered, the differences present could be attributed to the fact that both sets of results represent results of separate and independent fitting procedures, without making use of Eq. (6). It means therefore that in all phenomenological applications one can use either of the two formulas, Eqs. (2) or (3), and, if necessary, to use Eq. (6) to translate results from one scheme to another. In both cases the pion mass value has been used, m = 0.14 (and we have checked that additional changes in mass m of the type introduced recently in [11] , would not affect the final results as long as m is limited to, say, m < 0.2 GeV). The estimated fluctuations are of the order of 30 − 45 MeV. Notice that these fluctuations are weaker at small centralities and grow for more peripheral collisions matching very nicely similar fluctuations seen in p + p data [2] shown here for comparison. This is very interesting and important result, especially when one adds to it the result from analysis of e + e − data [8] reporting even higher values of non-extensivity parameter q (reaching value of q ≃ 1.2), i.e., much stronger fluctuations. Altogether these results confirm for the first time another expectation made in [9] saying that precisely such trend should be observed. This is because Eq. (4) can be also interpreted as being a measure of the total heat capacity C h of the hadronizing system (cf. [9] ):
As the heat capacity C h is proportional to the volume, C h ∼ V , in our case V would be the volume of interaction (or hadronization), it is expected to grow with volume and, respectively, q is expected to decrease with V , which is indeed the case if one puts together results for e + e − , pp and AA collisions.
4 Analysis of k t distributions using stochastic approach in y t space
We shall now present results obtained by using suitable adaptation of the stochastic model proposed in Refs. [6, 7, 11] 3 . In this approach one treats distribution in k T as result of some specific diffusion process taking place in the k t space. Actually, it turns out that it is more suitable to consider such diffusion as taking place in the y t = sinh −1 (k t /m) space. In this case one obtains the following Fokker-Planck equation:
Its solution can be expressed by Gaussian distribution,
with width equal to 2V 2 t (t) = 2(σ 2 t /2γ)(1 − e −2γt ) (see [6] ). In Fig. 3 we show our results of using Eq. (9) where, following [11] , we have regarded mass m as another free parameter. Notice that, contrary to the pure statistical approaches considered before, in this approach we do not have direct access to the temperature T 0 . It is accessible only if Collaborationsand and at √ s N N = 130 GeV obtained by PHENIX Collaboration [3] . Notice that mass m is treated here as free parameter, in similar way as in [11] . Table 2 : Values of characteristic parameters used to fit data on k t -distributions at different centralities by using stochastic approach as given by Eq. (9) and presented in Fig. 3 for data at
GeV obtained by BRAHMS [1] and STAR [2] Collaborations and at √ s N N = 130 GeV obtained by PHENIX Collaboration [3] . The order of magnitude of the corresponding errors for T 0 , δT 0 , are listed below as well.
BRAHMS Coll.; δT 0 = 0.026-0.032; δm = 0.077-0.083 we additionally assume validity of the Einstein's fluctuation-dissipation relation, which in our case means that measure of the size of diffusion (dissipation), V 2 t (t), can be expressed by the temperature T o and mass m: V 2 (t) = T 0 /m. Therefore our results for V 2 shown in Fig. 3 (see insets) , where V (t) 2 increases with increasing centrality, would indicate that temperature T 0 obtained by applying Einstein's relation with m kept constant would increases with centrality as well, contrary to what has been obtained above by applying q-statisticall approach. We have allowed then (following [11] ) the mass m to be a free parameter and the best fit is obtained when m decreases with centrality, see inlets in Fig. 3 . The resulting temperature, T 0 ≃ m · V 2 t , behaves then in essentially the same way as function of centrality as in the q-statistical approach, cf., Table 2 and Fig. 4 4 .
Concluding remarks
We have provided here systematic analysis of recent RHIC data on k t distributions [1, 2, 3] by using three different kinds of statistical approaches: Hagedorn model [4] , two versions of the modified statistical based on Tsallis statistics [5] and a suitable adaptation of the stochastic model proposed in [6] . Whe have found that Hagedorn-type model [4] cannot fit these data but they can still be (3) and (9) . In the later case T 0 has been obtained from the values of V 2 t and m obtained in Fig. 3 by using Einstein's relation:
reasonably well fitted either by non-extensive extensions of statistical model [5] or by picture of some suitable diffusion process taking place in transverse rapidity space [6, 7] . This is specially 4 It should be stressed here that for constant value of mass, m = 0.14 GeV as used for q-statistics case above, we would have obtained somewhat higher values of χ 2 's. In addition, it is interesting to observe at this point that the fact that we can fit data within modified stochastic approach only by allowing for a kind of "quasiparticles" of mass m, different for different centralities, corresponds in a sense to introducing parameter q to the usual statistical model. The possible dynamical origin and meaning of such variable mass is, however, still lacking.
true if one limits itself to k t < 5 GeV/c range as the case of BRAHMS [1] and PHENIX [3] data, the k t < 12 GeV/c range considered in STAR experiment [2] seems to be already to big to be fitted properly even with these two approaches (the corresponding values of the χ 2 are considerably bigger in this case). As is shown in Fig. 4 , the temperatutes T 0 obtained in modified statistical and stochastic approaches (with varying mass m) are essentially very similar to each other and follow the same dependence on the centrality, namely T 0 decreases when collision is more peripheral. However, because stochastic approach seems to be more dynamical than q-statistical one (where the true dynamical origin of the nonextensivity parameter is not yet firmly established, see [9, 12] ), we regard as the most valuable our finding that stochastic approach [6, 7, 11] works so well and can serve to provide first simple estimations of any new data in the future. On the other hand we have also demonstrated that the two possible approaches using q-statistics are equivalent to each other, at least in the frame of limited phenomenological approach presented here. One should also stress at this point that q statistical approach offers uniques information on fluctuations in the system, which can be translated into information on its volume. Our results for AA and pp collisions taken together with old results for e + e − ahhihilations indicate in this respect distinct growth of the expected volume of interactions from the most elementary annihilation processes to the nuclear collisions.
